INTRODUCTION
balancing the undrained generation and dissipation of excess pore pressures during a design 1 earthquake, characterized in this study by the bracketed duration of the event, td, the equivalent 2 number of uniform shear stress cycles of loading, Neq, and the number of uniform cycles of 3 undrained shearing of a representative magnitude necessary to cause initial liquefaction, Nl.
4
Seed and Booker (1977) proposed analyses for the case of gravel drains assuming radial 5 flow within a homogeneous soil mass and infinite vertical drain transmissivity ('perfect sink' 6 representation). They developed design charts linking the maximum excess pore pressure ratio, 
PV-DRAIN ELEMENTS

10
Full-bore flow inside pipes (such as PV-drains) is commonly modeled through the Darcy-
11
Weisbach equation that relates the frictional pressure loss, Δp, to the average fluid velocity, v. For 12 a circular pipe:
where L and D are the length and inner diameter of the pipe respectively, ρ the mass density of 14 water, and λ is a dimensionless friction factor controlled by the wall roughness and Reynolds For laminar flow (Re < 2300), the friction coefficient is inversely proportional to Re (= 18 64/ Re) and using equation (1) the flow rate can be written in a rate form:
where Af is the wetted area (i.e., D 2 /4 for full-bore flow) of the drain and the laminar drain
Similarly, in the fully turbulent regime, the friction factor  is constant and is controlled 4 by the wall roughness. The flow can be expressed as:
where the fully turbulent drain coefficient, = √2 ⋅ ⋅ 2 /( ⋅ ).
6
The current analyses represent the PV drains as one-dimensional extended elements within 
where ̇and ̇ are the rates of nodal displacement and force components respectively; ̇ and ̇ 1 are the rates of nodal pore pressures and axial flow respectively.
2
The generalized equilibrium of the finite element can be written: 
where 11 = cos 2 ⋅ ; 12 = cos ⋅ sin ⋅ ; 22 = sin 2 ⋅ ; and AE is the axial stiffness 4 of the thin-walled PV drain, and θ its orientation in the global coordinate system.
5
The formulation is completed through the definition of k33 that defines the incrementally-6 linearized relationship between pore pressure and flow rate. In the laminar regime this is obtained 7 directly from the drain coefficient:
In the fully turbulent regime the pressure-flow rate relation is non-linear. The numerical 9 implementation considers an increment in the nodal water pressures at time i, and the resulting 10 flow rate in this time step, Qi:
From which the 'consistent' stiffness coefficient can be derived: 
We implemented the two element classes (i.e., laminar and fully turbulent regimes) within 6 the OpenSees code. In practice, the groundwater Figure 3 ) and hence, the pore pressure at Point A. 
where kax is the permeability for the physical situation and rs is the drain spacing ratio.
4
An equivalent drain transmissivity also needs to be introduced to match the same average 5 degree of consolidation. By solving analytically the plane strain and axisymmetric horizontal flow 6 towards a drain in a unit cell, the equivalent plane strain laminar flow coefficient can be 7 approximated as:
The Appendix shows that the turbulent flow coefficient can be approximated linearly to between the scale-model and prototype (assuming the same fluid is used in both cases). Thus, it is 4 possible that turbulent flow in a prototype PV drain can correspond to laminar flow at model-scale.
5
Given this discrepancy, the Appendix proposes a methodology to design model-scale PV drains 6 that match the flow in prototype scale drains more accurately and to evaluate, a priori, the effect 7 of turbulence on drain outflow rates. 
Finite Element Model
15
The finite element analysis is performed at prototype scale. Figure The effective stress-strain-strength properties of the Nevada sand layers are modeled using the 5 DM2004 model (with parameters described in the next section). have an inner diameter, D p = 105 mm, and wall thickness, w p = 30 mm (prototype scale). Table   12 1 summarizes the input parameters for the PV-drains at prototype scale, corresponding to a 13 centrifuge model scaling factor, N=15. 
13
The DM2004 model was implemented in the OpenSees software framework by the authors using Table 3 lists the input parameters for this model. assumption can lead to non-conservative results (i.e., greater computed pore pressure dissipation).
12
At point C the analyses predict significantly higher excess pore pressures for turbulent drains as 13 turbulence diminishes the discharge capacity of the PV-drains. during the cyclic loading event (t ≤ td = 10 secs) and subsequent dissipation (3 secs). As discussed 17 in the Appendix, when a scale model is designed so that the same excess pore pressures generation 18 and dissipation occurs at model and prototype scales, the Reynolds numbers do not scale 19 accordingly. Figure 8a shows that the calculated efflux of a single row of drains is above the drains that appropriately simulate prototype-scale flow (using the procedure described in the 4 Appendix). Figure 8b shows that, despite the cyclic nature of the loading the discharged volume 5 increases steadily during the shaking event due to the continuous accumulation of excess pore 6 pressures within the loose sand.
7
Soil Behavior 8 Figure 9 examines the effective stress paths (σ'v,τw) and stress-strain (τw,γ) behavior at three 9 points in the middle of the loose sand layer. Point A is midway between two PV-drains, B is 10 adjacent to a PV drain, and C is located on the untreated side of the model (at the same elevations).
11
Points A and C show similar behavior; the vertical effective stress decreases in each load cycle, The numerical analyses also predict slower dissipation of excess pore pressures after 9 cessation of shaking at point E, a feature that is related to the selected consolidation coefficient On the untreated side, the numerical analysis underestimates the lateral movements at points E and no bending stiffness they have no effect on predicted lateral displacements. thus it is possible that the model-scale flow remains laminar whereas prototype flow is turbulent.
10
The Appendix gives guidelines for experimentalists to select an appropriate model-scale drain 11 dimensions that fits best the discharge of prototype drains.
12
The PV drain elements have been evaluated through comparisons with the measurements from 
where T, N are the time and gravity scale in the model (superscript M stands for model-scale and 4 superscript P for prototype-scale).
5
Similarly, the laminar and turbulent drain coefficients at prototype scale can be related to the model 6 scale coefficients:
These relations show that the drain coefficient has to be N 3 times larger at prototype-scale when indicate a potential problem that can arise due to differences in the Reynolds number at prototype 10 and model-scales:
i.e., since the Reynolds number in the prototype is N times larger than that at model-scale, a flow 12 that is laminar in the model might be turbulent at prototype scale. The selection of appropriate PV drain dimensions in scale-models can be achieved by estimating 6 the error in prototype finite element simulations using laminar drains to model the fully turbulent 7 flow in a real world scenario.
8
At prototype scale, the laminar flow parameter Cl should be selected to give the smallest error 12 f = (Q t P − Q l P ) 2 = C t P 2 i P + C l P 2 i P 2 − 2C t P C l P i P 3 2 (17a)
By minimizing the value of F we find the prototype and model-scale laminar flow parameters Cl P ,
13
Cl M that should be selected to give the smallest error compared with the efflux from a drain with 
Equations 20 and 21 provide a preliminary estimate of the effect of turbulence in simulating PV 8 drains in FE models and in centrifuge tests.
9
The above equations provide preliminary estimation of the effect of turbulence in simulating PV 10 drains in in centrifuge tests. For example, consider a prototype PV drain with properties
11
(ε/D=0.019, μ=0.001Pa·s, D=105mm, λ=0.05). The maximum prototype pressure gradient for Hydraulic Conductivity, Treated zone, kpl (m/s) 1x10 -4 * Storage capacity is the amount of water that will be stored in the drain while it fills up, before water gets released in the surface. 
